Functional neuroimaging studies of probabilistic category learning in healthy adults report activation of cortical-striatal circuitry. Based on previous findings of normal learning rate concurrent with an overall performance deficit in patients with schizophrenia, we hypothesized that relative to healthy adults, patients with schizophrenia would display preserved caudate nucleus and abnormal prefrontal cortex activation during probabilistic category learning. Forty patients with schizophrenia receiving antipsychotic medication and 25 healthy participants were assessed on interleaved blocks of probabilistic category learning and control tasks while undergoing blood oxygenation level-dependent functional magnetic resonance imaging. In addition to the whole sample of patients with schizophrenia and healthy adults, a subset of patients and healthy adults matched for good learning was also compared. In the whole sample analysis, patients with schizophrenia displayed impaired performance in conjunction with normal learning rate relative to healthy adults. The matched comparison of patients and healthy adults classified as good learners revealed greater caudate and dorsolateral prefrontal cortex activity in the healthy adults and greater activation in a more rostral region of the dorsolateral prefrontal, cingulate, parahippocampal and parietal cortex in patients. These results demonstrate that successful probabilistic category learning can occur in the absence of normal frontal-striatal function. Based on analyses of the patients and healthy adults matched on learning and performance, a minority of patients with schizophrenia achieve successful probabilistic category learning and performance levels through differential activation of a circumscribed neural network which suggests a compensatory mechanism in patients showing successful learning.
Introduction
Probabilistic category learning involves a gradual learning of cue-outcome associations putatively without conscious knowledge of the probabilistic frequencies determining those associations (Knowlton et al., 1994) . Previous studies of impaired probabilistic category learning rate using the "weather prediction" task in patients with striatal dysfunction suggest that this type of nondeclarative learning is related to striatum function (Knowlton et al., 1996a,b) . Functional neuroimaging studies examining probabilistic category learning in healthy adults have reliably demonstrated activation of a neural network that includes the caudate nucleus and the prefrontal and parietal cortices (Poldrack et al., 1999 (Poldrack et al., , 2001 Fera et al., 2005) .
Normal probabilistic category learning rates in patients with schizophrenia (Kéri et al., 2000 (Kéri et al., , 2005 Weickert et al., 2002) are suggestive of normal striatal function in these patients, which is consistent with previous studies of probability learning (Johnston and Bursill, 1973) and nondeclarative motor skill learning in patients with schizophrenia (Clare et al., 1993) and nondeclarative learning during normal aging (Howard and Howard, 1989; Mutter and Pliske, 1994) . In addition to normal learning rates, studies of probabilistic category learning in patients with schizophrenia have also revealed impaired overall performance levels (Weickert et al., 2002; Kéri et al., 2005) suggestive of dysfunctional prefrontal cortex input (commonly obtained in neuroimaging studies of patients with schizophrenia) (for review, see Tan et al., 2007) to putatively normal caudate activity within the basal ganglia circuitry described by Alexander et al. (1986) . However, the large variation in performance typical during the early trials of probabilistic category learning may have obscured differences in whole group analyses of learning rate between patients with schizophrenia and healthy participants (Kéri et al., 2000 (Kéri et al., , 2005 Weickert et al., 2002) . In a recent probabilistic category learning study, Foerde et al. (2008) obtained impaired learning rate and performance in patients with schizophrenia relative to healthy adults, suggesting abnormal caudate function in schizophrenia. However, in the Foerde et al. (2008) study the probabilistic category learning task differed slightly from previous studies of probabilistic category learning in patients with schizophrenia to the extent that the cue-outcome probabilities were slightly easier to learn, their analysis was based on blocks of 50 trials, and the sample size was small.
In the present study, probabilistic category learning was assessed in patients with schizophrenia and healthy adults during functional magnetic resonance imaging (fMRI) to determine the neural correlates of probabilistic category learning in schizophrenia and the potential relationship between prefrontal cortex function and overall performance level. On the basis of previous studies showing normal acquisition rate in conjunction with impaired overall performance levels during probabilistic category learning in patients with schizophrenia, the hypothesis was that relative to healthy adults, patients with schizophrenia would display normal caudate nucleus and abnormal dorsolateral prefrontal cortex activation during probabilistic category learning. This study appears to be one of the first to examine caudate function in patients with schizophrenia using functional imaging of a cognitive task sensitive to caudate function which reliably elicits caudate activation in healthy adults.
Materials and Methods

Participants
Forty patients with schizophrenia and 25 healthy participants entered the study. Nine patients and no healthy participants were excluded because of excessive motion during the scanning procedure. Therefore, 31 patients, 23 males and 8 females (90% right-hand dominant) with a diagnosis of schizophrenia (22 inpatients and 9 outpatients) completed this study. Two boardcertified psychiatrists concurred on diagnosis by Structured Clinical Interview for the Diagnostic and Statistical Manual, fourth edition without knowledge of cognitive abilities. The frequency of diagnostic subtypes for these 31 patients was as follows: 16 undifferentiated, 6 paranoid, 3 disorganized, 1 simple, 2 schizoaffective depressed, 2 schizoaffective bipolar, and 1 psychosis not otherwise specified, schizotypal personality disorder. Patients having a history of current substance abuse, head injuries with concomitant loss of consciousness, seizures, CNS infection, diabetes, or hypertension were excluded. Patients were all receiving doses of second generation antipsychotic medication (such as olanzapine and risperidone) at the time of testing with the exception of one patient who refused medication. The mean chlorpromazine equivalent dose for 25 patients was 347.7 mg, SD ϭ 287.5 mg. Psychotic symptoms assessed in 18 patients using the Positive And Negative Symptom Scale (PANSS) (Kay et al., 1987) produced a mean positive symptom score of 15.0, SD ϭ 3.0, and a mean negative symptom score of 16.8, SD ϭ 4.5.
In addition to patients with schizophrenia, 25 healthy participants, 11 males and 14 females (88% right-hand dominant) recruited through the National Institutes of Health normal volunteer office, completed this study. Healthy participants with a history of psychiatric disorders, current substance abuse, head injuries with concomitant loss of consciousness, seizures, CNS infection, diabetes, or hypertension were excluded. All participants provided informed written consent before participation in this study. The Institutional Review Board of the National Institute of Mental Health provided approval for this study. The mean years of age was not significantly different between patients (mean ϭ 29.8, SD ϭ 9.4) and healthy participants (mean ϭ 29.3, SD ϭ 9.8), t (50) ϭ 0.20, p ϭ 0.84. However, the mean years of education did differ significantly between patients (mean ϭ 13.5, SD ϭ 2.1) and healthy participants (mean ϭ 15.7, SD ϭ 1.5), t (42) ϭ 3.93, p Ͻ 0.001, which was expected on the basis of previous studies comparing patients with schizophrenia to healthy participants. For all participants who had visual refractive abnormalities, corrections were achieved with prescription contact lenses or MRI compatible plastic lenses in a plastic frame.
Probabilistic category learning test
A version of the probabilistic category learning "weather prediction" task (Poldrack et al., 1999) allowed alternation of the experimental weather prediction task with a perceptual-motor control task. Before entering the scanner all participants were given instructions for both tasks. For the weather prediction task, participants were told that they should make a decision to predict rain or shine on the basis of four distinct cue cards that would be presented either individually or in combinations of up to three cards. They were further told that they should guess at first but gradually they would improve at determining which cue card combinations predict rain or shine. In this probabilistic category learning task participants learn the relationship between two equally occurring outcome variables (rain or shine) and combinations of four cue cards each composed of simple geometric shapes (Fig. 1a) . The relationship between cue cards and outcome variables was predetermined on a probabilistic basis (see Table 1 for the cue-outcome probability schedule) and presentations For any given trial, 1 of the 14 possible cue pattern combinations displayed above appeared on the computer screen with a probability indicated as p(cue combination). As shown above, the probability of the cue combinations to predict ЉsunshineЉ (outcome 1) was set at p(outcome). Conversely, the probability of the above cue combinations to predict ЉrainЉ (or outcome 2) was equal to 1 Ϫ p.
were randomized with the constraint that identical cue combinations would not appear consecutively and each outcome (rain or shine) was limited to five consecutive occurrences. For the perceptual-motor control task all participants were instructed to determine whether or not two of four identical cue cards were presented during each trial, with the cue cards being presented either individually or in combinations of up to three cards (see Fig. 1b for the perceptual-motor control task stimuli).
Presentations of the perceptual-motor control stimuli were randomized with the constraint that identical spatial positions of the four cards did not appear consecutively and each outcome (two or not two) was limited to five consecutive occurrences. Stimuli for both tasks (weather prediction and perceptual-motor control) were presented via a back-projection system and behavioral responses, left (for "shine" or "two") or right (for "rain" or "not two") button presses with the right thumb, were recorded via a fiber-optic response box (Current Designs). All stimuli were displayed on the screen for 4.5 s with an intertrial interval of 0.5 s. After each response for both experimental and perceptual-motor control tasks, the words "correct" or "incorrect" appeared as feedback to the participant and missed trials were not included in the scoring.
Scanning procedure
Using a quadrature head coil transceiver, the fMRI study was performed on a 1.5 T magnetic resonance system (General Electric) equipped with gradients capable of generating gradient fields of 40 mT/m with a slewrate of 180 T/m/s. For the blood oxygenation level-dependent (BOLD) fMRI experiment, a gradient echo echoplanar imaging sequence was used, that acquired single-shot images with a matrix size of 64 ϫ 64 over a field of view of 200 ϫ 200 mm 2 , for a nominal in-plane resolution of 3.125 ϫ 3.125 mm 2 . Thirty axial slices with 3 mm thickness, 1 mm gap, were oriented inferior to superior, to cover the whole brain. Repetition time, echo time, and flip angle were 3.0 s, 50 ms, and 90°, respectively. The experimental paradigm consisted of a simple box-car design with eight cycles during which 30 s blocks of probabilistic category learning stimuli (6 trials/block) alternated with 30 s blocks of perceptual-motor control task stimuli (6 trials/block). Each participant received two runs with each run consisting of 48 weather prediction and 48 perceptualmotor control trials. One hundred-sixty scans were collected in a total scan time of 8 min per fMRI run, giving a total of 96 trials for each task. Task order (probabilistic category learning or perceptual-motor control) was counterbalanced across participants and gender.
Data analysis
Behavioral data. Percentage correct and reaction times were used as measures of learning the cue-outcome associations during probabilistic category learning. Transformed cumulative percent correct scores and reaction times were analyzed using separate two-way repeated measures ANOVAs with patients and healthy participants as the between-subjects variable. Additionally, a separate independent t test was used to determine group differences with respect to trials on which no responses were made. An identical series of analyses was applied to the perceptual-motor control task data.
Strategy analyses. Because previous work (Gluck et al., 2002) suggests that the strategy used to perform this probabilistic category learning task may influence performance, data from the present study were also analyzed blind to group status (patient versus healthy participant) and matching criteria by using an improved version of a strategy clustering analysis (Meeter et al., 2006) . The revised strategy clustering analysis assigns blocks of trials from individual participants to strategies on the basis of the response pattern. Assigned strategies were either complex (multicue strategy), in which participants base their response on the whole configuration of cards, simple (singleton strategy), in which participants respond consistently only to one-card patterns, intermediate (single cue strategy) based on the presence/absence of one card in a 2-3 card combination, or optimal in which participants predicted the outcome most often associated with the cue-card combinations. If the response pattern of a participant did not conform to any of the strategies described above, their performance was categorized as "no detectable strategy." However, classification as such does not necessarily imply that a participant did not use a strategy or strategies; instead they may have used idiosyncratic or probabilistic strategies that were not identified, or they may have switched too rapidly between strategies so that no consistent pattern emerged. The strategy clustering analysis described above (performed by M.M.) was conducted blind to group membership (patient versus healthy participants) and classification of learning status (good versus poor learner). The frequency of each strategy used in both the patients with schizophrenia and healthy participants was compared using a 2 analysis to establish whether the two groups used qualitatively different strategies to solve the probabilistic category learning task. Other strategy variables comparing patients with schizophrenia and healthy participants were the trial at which the first strategy switch occurred, the total number of strategy switches, the number of strategy switches during the first two quartiles, and the number of strategy switches during the last two quartiles (Meeter et al., 2006 (Meeter et al., , 2008 .
Imaging data. Using the approach described by Fera et al. (2005) , these data were processed off-line on a Linux workstation, using the general linear model of SPM2. Images for each participant were realigned to the Figure 2 . a-c, Cumulative percentage correct at each trial block during probabilistic category learning for whole sample of patients with schizophrenia (SC) and healthy participants (NC) (a), those patients with schizophrenia and healthy participants classified as good learners (b), and those patients with schizophrenia and healthy participants classified as poor learners (c).
eighth volume in the time series to correct for head motion, spatially normalized into a standard stereotactic space (Montreal Neurological Institute template) using a 12 parameter affine model, and smoothed to minimize noise and residual differences in gyral anatomy with a Gaussian filter set at 6 mm full-width at half-maximum. Voxelwise signal intensities were ratio normalized to the whole-brain global mean. Data sets were also screened for high quality (scan stability) as demonstrated by small motion correction (Ͻ2 mm). To better evaluate the temporal dynamics of learning-related BOLD changes, the time series data were divided into four quartiles of 80 scans each, with 24 weather prediction and 24 perceptual-motor control trials in each quartile.
As a first level of analysis, predetermined condition effects at each voxel were calculated using a t-statistic, producing a statistical image for the contrast of weather prediction versus perceptual-motor control tasks for each quartile and for each participant. These individual contrast images were then used in a conservative second-level random effects model that accounts for both scan-to-scan and subject-to-subject variability using one-sample t tests for main effects of condition within each quartile ( p Ͻ 0.0025). Second level analyses were constrained by a mask that was created using regions selected a priori based on those regions shown to be relevant to probabilistic category learning from previous studies (Poldrack et al., 1999 (Poldrack et al., , 2001 Fera et al., 2005) by summing the main effect of task activation masks for each quartile ( p Ͻ 0.005, uncorrected) from both groups (see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material, for a section view of the mask at center point). Statistical thresholds for second level analyses were set at p Ͻ 0.005 uncorrected, minimum cluster size (k) ϭ 3. Results that survived small volume corrections for multiple comparisons (false discovery rate-corrected, as described by Genovese et al., 2002) within a priori regions of interest selected from Pick Atlas (http://fmri.wfubmc.edu/cms/ software#PickAtlas) are indicated within Table 3 .
For the group ϫ condition interactions, the whole sample of patients and healthy participants were initially compared. In addition to whole group analysis, analyses were also conducted between patients with schizophrenia and healthy participants who were matched on probabilistic category learning rate and performance levels. Differential brain activation has been shown during error processing relative to response competition, inhibition, or selection (Menon et al., 2001 ) illustrating the importance of performance matching between patient and control groups to show effects of the disease processes on brain activity (Curtis et al., 2001; Gould et al., 2006; Davis et al., 2008; Eyler et al., 2008) . Because the groups in the present study were not matched on performance, a subsequent group ϫ condition interaction was performed in which patients and healthy adults were compared on the basis of being classified as good learners. To match performance for imaging comparisons, learning was defined on an individual basis as showing an increase in percentage correct across the quartiles (positive difference score between trials 10 and 96) and displaying a sustained performance approximately equal to or Ͼ70% correct during quartiles three and four. Because the number of patients and healthy adults classified as good learners using the above definition of learning differed (see below) the 8 patients classified as good learners were further matched on gender and age to 8 of the 16 healthy adults classified as good learners. Second level analyses were constrained by a mask that was created by summing the main effect of task activation masks for each quartile ( p Ͻ 0.005, uncorrected) from both groups. By comparing only those patients and healthy adults classified as good learners, the effects of learning differences between groups could be removed to determine regionally distinct activation differences between patient and healthy participants that were related to task processing.
Results
Behavior
Probabilistic category learning in the whole sample of patients and healthy participants Overall, both patients with schizophrenia and healthy adults displayed probabilistic category learning acquisition rates that were not significantly different. Results of a two-way, repeated measures ANOVA for percentage correct by quartile displayed a significant main effect of group, F (1,54) ϭ 3.95, p ϭ 0.05, a significant main effect of quartile, F (3,162) ϭ 7.48, p Ͻ 0.001, and no significant group ϫ quartile interaction, F (3,162) ϭ 1.61, p ϭ 0.19. Regarding reaction times, a separate two-way, repeated measures ANOVA displayed no main effect of group, F (1,54) ϭ 0.27, p ϭ 0.60, no main effect of quartile, F (3,162) ϭ 1.16, p ϭ 0.33, and no significant group ϫ quartile interaction, F (3,162) ϭ 1.39, p ϭ 0.25 (see Fig. 2a for the cumulative percentage correct at each quartile for patients with schizophrenia and healthy participants during probabilistic category learning, and Table 2 for the mean reaction time and SE at each quartile for patients with schizophrenia and healthy participants during probabilistic category learning). Results of a separate independent t test for the number of trials on which no responses were made during probabilistic category learning displayed a significant group difference between patients with schizophrenia (mean ϭ 2.3, SD ϭ 2.8) and healthy participants (mean ϭ 0.8, SD ϭ 1.3), t (53) ϭ 2.49, p ϭ 0.02. However, the mean total number of omissions for the patients was only 2% of the total trials. There was a nonsignificant, weak to no correlation between chlorpromazine equivalent dose and probabilistic category learning acquisition rate with r ϭ Ϫ0.17, p ϭ 0.43. There were significant trends toward mild to moderately strong correlations between probabilistic category learning acquisition rate and PANSS negative symptom severity scores with r ϭ 0.40, p ϭ 0.10; and PANSS positive symptom severity scores with r ϭ 0.41, p ϭ 0.09. Thus, as positive and negative symptom scores increase (i.e., patients are more symptomatic), the probabilistic category learning acquisition rate increases (i.e., learning improves). The finding of significant trends toward moderately strong positive relationships between symptom severity and acquisition rate is directly opposed to our finding of no relationship between antipsychotic medication dose in chlorpromazine equivalents and probabilistic category learning acquisition rate and should be a focus of further studies.
Probabilistic category learning in the matched sample
Using a more stringent definition of learning (positive slope and sustained performance during latter trials) patients and healthy adults were matched on the basis of learning and classified as good or poor learners. Results of a 2 analysis comparing the number of good and poor learners in each group revealed a significant difference in the number of good learners (healthy participants N ϭ 16, patients with schizophrenia N ϭ 8) and poor learners (healthy participants N ϭ 9, patients with schizophrenia N ϭ 23) in each group, 2 (1) ϭ 8.24, p ϭ 0.004 (see Fig. 2b for the cumulative percentage correct at each quartile for patients with schizophrenia and healthy participants classified as good learners during the probabilistic category learning task, and Fig.  2c for the cumulative percentage correct at each quartile for patients with schizophrenia and healthy participants classified as poor learners during the probabilistic category learning task). There were only 5 patients having PANSS negative symptoms scores that were 5 or more points greater than their PANSS positive symptoms scores. Only 20% negative syndrome patients could be classified as a good learner and only 23% non-negative syndrome patients could be classified as good learners. Thus, with percentages being approximately equal, there was not an inordinate advantage for one symptom profile over the other with respect to probabilistic category learning.
Perceptual-motor control task
ANOVA for percentage correct during the perceptual-motor control task displayed a significant main effect of group, F (1,54) ϭ 3.97, p ϭ 0.05, a significant main effect of quartile, F (3,162) ϭ 4.01, p ϭ 0.009, and no significant group ϫ quartile interaction, F (3,162) ϭ 0.91, p ϭ 0.44. Although there was a significant main effect of group, patients with schizophrenia performed very well on the control task (patient mean percentage correct ϭ 92.5, SD ϭ 1.7; healthy participant mean percentage correct ϭ 97.7, SD ϭ 1.9) relative to the typical performance of patients with schizophrenia on cognitive tests in general. Importantly, there was no group ϫ quartile interaction indicating that there were no learning differences with respect to the perceptual motor control task. Results of a separate independent t test for the number of trials on which no responses were made during the perceptual motor control task displayed a significant group difference between patients with schizophrenia (mean ϭ 1.0, SD ϭ 1.5) and healthy participants (mean ϭ 0.04, SD ϭ 0.2), t (53) ϭ 3.20, p ϭ 0.002. However, once again the mean total number of omissions for the patients was very low, ϳ1% of the total trials. ANOVA for reaction time during the perceptual-motor control task displayed a significant main effect of group, F (1,53) ϭ 18.75, p Ͻ 0.001, no significant main effect of quartile, F (3,159) ϭ 0.08, p ϭ 0.97, and no significant group ϫ quartile interaction, F (3,159) ϭ 0.16, p ϭ 0.93 (see Table 2 for the mean reaction time and SE at each quartile for patients and healthy participants during the perceptual-motor control task). As is generally the case, the patients with schizophrenia were significantly slower than the healthy participants during the perceptual-motor control task.
Strategy analyses
In general, patient with schizophrenia and healthy participant good and poor learners used different strategies during probabilistic category learning (Fig. 3a,b ). Whereas patients with schizophrenia and healthy participants classified as good learners primarily changed from using the complex strategy to using the optimal strategy, patients with schizophrenia and healthy participants classified as poor learners primarily used no discernible strategy throughout the four quartiles.
Patients and healthy participants classified as good learners
Results from the strategy analysis revealed significant differences between the strategies used by the 8 patients with schizophrenia relative to the 16 healthy participants classified as good learners.
Separate 2 analyses for each quartile displayed significant differences in the number of patients with schizophrenia and healthy participants classified as good learners with respect to the type of strategy used (including no detectable strategy) during quartile 1 ( 2 (4) ϭ 47.9, p Ͻ 0.001), quartile 2 ( 2 (4) ϭ 15.5, p Ͻ 0.004), quartile 3 ( 2 (4) ϭ 25.9, p Ͻ 0.001), and quartile 4 ( 2 (4) ϭ 27.1, p Ͻ 0.001) (see Fig. 3a for the strategies used in each quartile by the patients with schizophrenia and healthy participants classified as good learners). In general, the primary strategy used by the majority of patients with schizophrenia classified as good learners evolved from a singleton strategy during the first quartile to a complex strategy during the second quartile and finally to the optimal strategy during quartiles 3 and 4 (although there was an equal percentage of patients using a complex strategy during the fourth quartile). Conversely, the primary strategy used by the majority of healthy participants classified as good learners evolved from a complex strategy in quartiles one and two to the optimal strategy during quartiles three and four. Paired t tests of other strategy variables comparing those patients with schizophrenia and healthy participants classified as good learners revealed no significant differences with respect to the trial at which the first strategy switch occurred (patients with schizophrenia mean ϭ 17.4, SD ϭ 2.1; healthy participants mean ϭ 25.3; SD ϭ 15.1; t (22) ϭ 1.46, p ϭ 0.16), the total number of strategy switches (patients with schizophrenia mean ϭ 3.6, SD ϭ 0.7; healthy participants mean ϭ 3.3; SD ϭ 1.0; t (22) ϭ 0.93, p ϭ 0.36), the number of strategy switches during the first two quartiles (patients with schizophrenia mean ϭ 2.3, SD ϭ 0.7; healthy participants mean ϭ 2.1; SD ϭ 1.0; t (22) ϭ 0.33, p ϭ 0.75), and the number of strategy switches during the last two quartiles (patients with schizophrenia mean ϭ 1.4, SD ϭ 0.9; healthy participants mean ϭ 1.1; SD ϭ 0.5; t (22) ϭ 0.87, p ϭ 0.39). Additionally, with respect to the 8 patients with schizophrenia matched to 8 healthy adults on the basis of probabilistic category learning rate and performance, gender, and age, there were no significant differences between strategies used during quartile 1 ( 2 (1) ϭ 0.01, p Ͻ 0.92), quartile 2 ( 2 (2) ϭ 0.61, p Ͻ 0.74), quartile 3 ( 2 (2) ϭ 0.29, p Ͻ 0.87), and quartile 4 ( 2 (2) ϭ 0.34, p Ͻ 0.84) (see Fig. 3c for the strategies used in each quartile by the 8 patients with schizophrenia matched to 8 healthy participants). There were also no significant differences between the 8 patients with schizophrenia matched to 8 healthy participants on the basis of trial at which the first switch occurred (patients with schizophrenia mean ϭ 17.4, SD ϭ 2.1; healthy participants mean ϭ 20.6; SD ϭ 5.4; t (14) ϭ 1.59, p ϭ 0.13), total number of switches (patients with schizophrenia mean ϭ 3.6, SD ϭ 0.7; healthy participants mean ϭ 3.5; SD ϭ 0.9; t (14) ϭ 0.29, p ϭ 0.77), number of switches during the first two quartiles (patients with schizophrenia mean ϭ 2.3, SD ϭ 0.7; healthy participants mean ϭ 2.4; SD ϭ 0.9; t (14) ϭ 0.30, p ϭ 0.76), and number of switches during the last two quartiles (patients with schizophrenia mean ϭ 1.4, SD ϭ 0.9; healthy participants mean ϭ 1.1; SD ϭ 0.4; t (14) ϭ 0.72, p ϭ 0.48).
Patients and healthy participants classified as poor learners
Separate 2 analyses for each quartile displayed significant differences in the number of patients with schizophrenia and healthy participants classified as poor learners with respect to the type of strategy used (including no detectable strategy) during quartile 1 ( 2 (4) ϭ 16.4, p Ͻ 0.003), quartile 3 ( 2 (4) ϭ 22.0, p Ͻ 0.001), and quartile 4 ( 2 (4) ϭ 26.6, p Ͻ 0.001), with no significant difference during quartile 2 ( 2 (4) ϭ 5.4, p Ͻ 0.25, NS) (see Fig.  3b for the strategies used in each quartile by the patients with schizophrenia and healthy participants classified as poor learners). In general, the majority of patients with schizophrenia and healthy participants classified as poor learners used no detectable strategy during each of the quartiles (although there were significant differences among smaller numbers of patients and healthy participants using other strategies during quartiles one, three, and four). Paired t tests of other strategy variables comparing those patients with schizophrenia and healthy participants classified as poor learners revealed no significant differences with respect to the trial at which the first strategy switch occurred (patients with schizophrenia mean ϭ 54.3, SD ϭ 26.1; healthy participants mean ϭ 54.0; SD ϭ 32.0; t (30) ϭ 0.02, p ϭ 0.98), the total number of strategy switches (patients with schizophrenia mean ϭ 1.3, SD ϭ 1.3; healthy participants mean ϭ 1.8; SD ϭ 1.9; t (30) ϭ 0.74, p ϭ 0.46), the number of strategy switches during the first two quartiles (patients with schizophrenia mean ϭ 0.8, SD ϭ 1.2; healthy participants mean ϭ 1.0; SD ϭ 1.2; t (30) ϭ 0.38, p ϭ 0.71), and the number of strategy switches during the last two quartiles (patients with schizophrenia mean ϭ 0.5, SD ϭ 0.7; healthy participants mean ϭ 0.8; SD ϭ 0.8; t (30) ϭ 0.86, p ϭ 0.40).
Imaging
Whole sample: patients versus healthy participants Consistent with previous findings during probabilistic category learning in healthy participants (Poldrack et al., 1999 (Poldrack et al., , 2001 Fera et al., 2005) , the spatial distribution of task-related responses elicited bilateral prefrontal cortex (BA 9/10, 45-46/47), supplementary motor area, premotor cortices (BA 6/8), parietal cortices (BA 40), bilateral caudate nucleus and thalamus in healthy participants. At the group level, the main effect of condition across the four quartiles mapped on to similar locations for the whole sample in both groups (Fig. 4) . Whole group differences were most apparent in the group ϫ condition interaction analysis: the BOLD response was much greater bilaterally at the level of the dorsolateral prefrontal cortex (BA 9/46) and caudate nucleus in the healthy participants throughout the entire experiment (Fig.  5a) . Conversely, the patients with schizophrenia showed a greater BOLD response of a more rostral portion of the left dorsolateral prefrontal cortex (BA 9) and right cingulate gyrus (BA 32) over the four quartiles during probabilistic category learning (Fig. 5b) . However, these activation differences may be caused by strategy or performance differences because the groups were not matched on performance.
Matched sample: patients versus healthy participants classified as good learners
The main effect maps for the matched sample also mapped onto similar locations in both groups (Table 3 , Fig. 6 ) with the exception that caudate activation was not obtained and parahippocampal activity was obtained in the eight patients with schizophrenia showing good learning. In the group ϫ condition interaction analysis for the comparison of 8 patients with schizophrenia and 8 healthy participants classified as good learners, healthy participants displayed greater primarily right-sided activation of prefrontal cortex (BA 9/10), temporal cortex (BA 37), precuneus (BA 7), cuneus (BA 17), and caudate nucleus during quartiles 1 and 2; and prefrontal cortex (BA 9/10), ventral prefrontal cortex (BA 47), temporal cortex (BA 20/37), inferior parietal cortex (BA 40), precuneus (BA 7), cuneus (BA 17) and caudate nucleus during quartiles 3 and 4 relative to the patients with schizophrenia ( Table 3, Fig. 6a ). Relative to the eight healthy participants from the matched comparison, the eight patients with schizophrenia displayed greater primarily right-sided activation of a more rostral region of the dorsolateral prefrontal cortex (BA 9), cingulate (BA 31, 32), temporal cortex (BA 21), and left inferior parietal cortex (BA 40) during quartiles 1 and 2; and a more rostral region of right prefrontal cortex (BA 9), bilateral cingulate (BA 31/32), right temporal cortex (BA 21), bilateral parahippocampal gyrus (BA 27/36), and cuneus (BA 18) during quartiles 3 and 4 (Table 3, Fig. 6b ).
Discussion
On the basis of the whole sample of patients with schizophrenia and healthy participants, patients showed a normal probabilistic category learning acquisition rate concurrent with an overall performance deficit relative to healthy participants. These findings support results from previous studies (Weickert et al., 2002; Kéri et al., 2005 ) of probabilistic category learning in patients with schizophrenia. Although an overall performance deficit in conjunction with a normal learning rate was obtained in the whole sample; in an important departure from previous studies of probabilistic category learning in patients with schizophrenia, the present study showed significant differences in the numbers of patients with schizophrenia and healthy participants who displayed probabilistic category learning (defined as showing both a positive slope and sustained performance during latter trials). The learning criterion was independently confirmed by the blind strategy analysis showing that the majority of patients and healthy participants classified as good learners used various strategies whereas the majority of patients and healthy participants classified as poor learners used no detectable strategy. There were significantly more healthy participants classified as good learners and significantly more patients with schizophrenia classified as poor learners. Previous reward based probabilistic learning studies have also revealed both good and poor learning groups among healthy adult samples (Joel et al., 2005; Schönberg et al., 2007) . Differences in the frequencies of good and poor learning patients with schizophrenia and healthy adults may have contributed to the apparent dissociation between learning rate and overall performance observed in the present and previous (Weickert et al., 2002; Kéri et al., 2005) studies by producing a dilution of learning rate differences when combining good and poor learners.
Similar to previous neuroimaging studies of feed back based probabilistic category learning in healthy adults (Poldrack et al., 1999 (Poldrack et al., , 2001 Fera et al., 2005) , the present study displayed activation of a neural network that included the prefrontal and parietal cortices and the caudate nucleus in healthy participants. The first level of analysis showed activation of the prefrontal cortex and caudate nucleus in both healthy participants and patients with schizophrenia. However, contrast between all patients with schizophrenia and healthy participants revealed greater dorsolateral prefrontal cortex and caudate nucleus activation in the healthy participants relative to patients and greater activation of a more rostral region of dorsolateral prefrontal cortex (BA 9) and cingulate gyrus (BA 32) in patients relative to healthy participants. Insufficient dorsolateral prefrontal cortex and caudate activation in patients also supports previous studies (Pickar et al., 1996; Heinz et al., 1998; Bertolino et al., 1999 Bertolino et al., , 2000 MeyerLindenberg et al., 2002) showing abnormal frontal-striatal function in patients with schizophrenia. Reiss et al. (2006) has also shown a relative lack of striatal activation during a procedural learning serial reaction time task in patients with schizophrenia with no significant difference in reaction time and performance level relative to healthy adults.
Insufficient activation of the caudate nucleus and dorsolateral prefrontal cortex would raise the question of how some patients with schizophrenia successfully achieve probabilistic category learning. Although Murray et al. (2008) have shown normal probabilistic learning and performance in conjunction with reduced midbrain, striatum, hippocampus, and cingulate activation in first episode psychosis patients, they did not suggest how consistently less relative activation in these brain regions would translate to normal learning and performance in these patients. In the present study, matched comparison of good learners revealed greater activation of the cingulate, parahippocampal and parietal cortices in patients relative to healthy adults. This suggests that patients may successfully learn the probabilistic associations via parahippocampal or parietal cortex activation. In a sample of early stage, mildly affected Parkinson's disease patients, decreased caudate and increased medial temporal lobe activation was shown to yield normal probabilistic category learning and performance (Moody et al., 2004) . Also, at least one type of implicit learning has recently been shown to activate hippocampus and influence explicit memory in healthy adults (Degonda et al., 2005) . Evidence from non-human primate tracing studies has shown extensive connectivity between the inferior parietal cortex and the parahippocampal gyrus (Ding et al., 2000; Rozzi et al., 2006) . A human diffusion weighted imaging study has also shown that the inferior parietal cortex and in particular the angular gyrus had a high probability of connectivity with the parahippocampal gyrus (Rushworth et al., 2006) . Kircher et al. (2008) demonstrated a relationship between successful encoding/retrieval and parahippocampal-inferior parietal activation. Koch et al. (2008) has shown increased frontal-parietal activity under conditions of increasing uncertainty during probability learning. In the present study, patients also displayed greater activity in a more rostral region of dorsolateral prefrontal cortex (BA 9) that may have facilitated learning in these patients. Other prefrontal regions have been associated with good performance in patients with schizophrenia during working memory (Callicott et al., 2003) . Also, after initial dorsolateral prefrontal hyperactivation, patients with schizophrenia display a trend toward decreased activity along with decreased reaction times similar to healthy adults during overlearning of a working memory task (Koch et al., 2007) . Regarding greater cingulate activity in patients, previous work has shown that deciding versus monitoring in probability-based reward environments was related to caudal and anterior cingulate activation, respectively in healthy adults (Behrens et al., 2007) . Thus, greater cingulate activity in patients showing normal learning and performance may represent greater conflict monitoring and decision making. There are other potential alternative explanations for the results obtained from the present study. Relative to healthy adults, patients with schizophrenia show greater variation in their neural activation patterns during a given cognitive task (MeyerLindenberg et al., 2002) . Antipsychotic medications may also influence activation patterns displayed in these patients. All patients (except one) were receiving second generation antipsychotic medication which may have influenced neural activity particularly within the caudate relative to healthy participants. Previous studies (Hoptman et al., 2006; McClure et al., 2006; Glenthoj et al., 2007; Okugawa et al., 2007; van Haren et al., 2007; Goldman et al., 2008) have shown a relationship between antipsychotic administration and caudate nucleus volume, caudate hypometabolism in treatment resistant patients (Molina et al., 2007) and significantly lower relative glucose metabolism in the caudate (Buchsbaum et al., 2007) of patients with schizophrenia. However, caudate hypometabolism has also been shown in antipsychotic naive patients (Molina et al., 2007) and in first episode psychosis patients, in which 5 of 13 patients were not receiving antipsychotic medication, patients displayed diminished striatal activity with increasing uncertainty during probability learning (Murray et al., 2008 ). Domenger and Schwarting (2008) found that injections of 6-hydroxydopamine into the rodent striatum (which reduces striatal dopamine binding) produced impaired serial reaction time performance, and Fletcher (1995) showed that injections of 5,7-dihydroxytryptamine into rodent median raphe nucleus reduced striatal 5-HT and 5-hydroxyindoleacetic acid levels and decreased performance on a differentialreinforcement-of-low-rate 20 s schedule while preserving rate of improvement over time, which is analogous behaviorally to what is observed in relation to probabilistic category learning of patients with schizophrenia who are treated with antipsychotic medication. Thus, dissociation of probabilistic category learning rate and performance in patients with schizophrenia relative to healthy participants may be a result of successful antipsychotic treatment; conversely, in the present study there appears to be very little to no effect of antipsychotic medication on probabilistic category learning based on the correlation between chlorpromazine equivalent dose and probabilistic category learning acquisition rate. Although cognitive strategy analyses from the whole sample revealed potentially different cognitive strategies used by patients and healthy participants showing learning, the majority of patients and healthy adults showing learning during quartiles 2 and 3 used identical strategies and showed different patterns of brain activation to achieve successful probabilistic category learning. Thus, at least for the majority of participants during quartiles 2 and 3, strategy analysis differences alone would not sufficiently account for the differential brain activation displayed between patients with schizophrenia and healthy participants from the whole sample. Also, other strategy analysis variables (i.e., trial at which first strategy switch occurred, total number of strategy switches, number of strategy switches during the first two quartiles, and number of strategy switches during the last two quartiles) did not differ significantly between patients and healthy participants. In the matched comparison of good learners there was no significant difference between groups on the basis of strategies used.
In summary, patients with schizophrenia display a failure to sufficiently activate dorsolateral prefrontal cortex and caudate nucleus during probabilistic category learning. Relative to healthy participants classified as good learners, those patients with schizophrenia classified as good learners display differential activation of a more rostral region of dorsolateral prefrontal cortex, cingulate, parahippocampal gyrus, and inferior parietal cortex that may represent a compensatory mechanism in those patients who learn the probabilistic associations. These results confirm that probabilistic category learning can occur in the absence of normal frontal-striatal function. Overall, based on the stringent definition of learning used to differentiate good and poor learners, fewer patients with schizophrenia attain normal probabilistic category learning rates and performance levels relative to healthy adults. The impaired overall performance observed in the whole sample of patients with schizophrenia appears to be driven by a larger proportion of patients with abnormal learning rates. 
